The number of molecular biomarkers to inform treatment decisions in patients with metastatic colorectal cancer (mCRC) continues to expand and with it the methodologies that can be employed to evaluate these biomarkers. Beyond standard diagnostic and prognostic biomarkers, such as those used for Lynch syndrome, mutations in KRAS exon 2 are well established as predictive for lack of response to the antiepidermal growth factor receptor therapies panitumumab and cetuximab. Recent studies have extended these findings by demonstrating that mutations in KRAS exons 3 and 4 and in NRAS exons 2, 3, and 4 (with all KRAS and NRAS mutations collectively referred to as RAS) are also predictive for treatment outcomes among patients with mCRC receiving panitumumab and cetuximab in combination with chemotherapy or as monotherapy. Consequently, evaluation of these additional loci has been incorporated into current clinical guidelines, and pathologists will need to develop testing procedures and algorithms to reliably and rapidly evaluate RAS status. With the increased number of mutations that must be examined to evaluate the status of RAS and other emerging biomarkers, next-generation sequencing technologies are likely to become increasingly important in mCRC testing. This review describes new considerations for pathologists that have arisen as a consequence of the incorporation of additional biomarker testing into clinical practice for mCRC.
N ew data derived from molecular biomarker analyses of pathology specimens from clinical trials are enabling the delivery of more personalized medicine for patients with metastatic colorectal cancer (mCRC). This article describes the currently used diagnostic molecular biomarkers (including testing for the identification of Lynch syndrome vs. sporadic CRC) and then focuses on new testing guidelines for predictive biomarkers in all patients with mCRC. These guidelines evolved from a hypothesis that mutations in KRAS exon 2 are predictive for outcomes with the antiepidermal growth factor receptor (EGFR) therapies panitumumab (a recombinant fully human anti-EGFR monoclonal antibody 1 ) and cetuximab (a recombinant human/ mouse chimeric anti-EGFR monoclonal antibody 2 ). Confirmation of the KRAS biomarker hypothesis led to additional studies that resulted in the expanded RAS biomarker hypothesis, which postulated that any activating mutation in KRAS or NRAS exons 2, 3, and 4-not just mutations in KRAS exon 2-could predict lack of response to anti-EGFR monoclonal antibody therapy. Current practice guidelines from the National Comprehensive Cancer Network (NCCN) and the European Society of Pathology (ESP) strongly recommend biomarker analysis in the form of KRAS/NRAS genotyping of tumor tissue in patients with mCRC. 3, 4 The Association of Clinical Pathologists (ACP) Molecular Pathology and Diagnostics Group has provided guidance for RAS testing in the United Kingdom, 5 The objectives of this article are to discuss molecular tests that distinguish Lynch syndrome from sporadic CRC, to review existing biomarker testing in mCRC, and discuss the importance of early RAS testing and appropriate procedures for validation, quality control, and proficiency testing. The evidence supporting the importance of these new biomarkers will be presented as a review of key clinical data from trials that have investigated the RAS biomarker hypothesis, in particular the PRIME (Panitumumab Randomized Trial in Combination With Chemotherapy for Metastatic Colorectal Cancer to Determine Efficacy) Study, which evaluated first-line panitumumab therapy in patients with mCRC. 6 In addition, other practical considerations for pathologists such as the role of next-generation sequencing (NGS) and new biomarkers in mCRC and their growing applications in patient selection for genomically guided clinical trials will be reviewed.
MOLECULAR TESTING DIFFERENTIATES LYNCH SYNDROME FROM SPORADIC COLORECTAL CANCER
An important recent advance is universal testing, in most major institutions, of all colorectal cancer specimens to identify Lynch syndrome (also known as hereditary nonpolyposis colorectal cancer). 7 Lynch syndrome, which accounts for 2% to 4% of all colon cancers, is transmitted as an autosomal dominant disorder that is caused by a germline mutation in one of several DNA mismatch repair (MMR) genes. 3 Inactivation of one of the MMR genes by germline mutations combined with inactivation of the second allele by mutation, loss of heterozygosity, or promoter hypermethylation results in defective MMR. 8 Screening for defective MMR genes is performed by immunohistochemistry (for MSH2, MSH6, MLH1, and PMS2) and/or identification of the genetic changes associated with a loss of the MMR machinery (ie, microsatellite instability). 3 Microsatellite instability can be evaluated by multiplex polymerase chain reaction (PCR) and capillary electrophoresis using nearly monomorphic mononucleotide repeat markers (BAT-25, BAT-26, MONO-27, NR-21, and NR-24) and 2 highly polymorphic pentanucleotide repeat markers (Penta C and Penta D) that are used as specimen identifiers. 9 For the 5 nucleotide markers tested in this assay, the results are interpreted as MSI-high (MSI-H) if Z2 markers are unstable and MSI low (MSI-L) if 1 marker is unstable, and microsatellite stable if no markers are unstable. 10 MSI-H status is observed in Lynch syndrome but is also detected in up to 15% of sporadic CRC, typically due to hypermethylation of the MLH1 gene. 8 In MLH1 and PMS2 protein-negative CRC, most sporadic CRC can be differentiated from Lynch syndrome by the presence of the BRAF V600E mutation and/or hypermethylation of the MLH1 promoter. BRAF V600E and MLH1 hypermethylation are highly correlated and rarely found in Lynch syndrome. 8, 11 In the BRAF V600E-negative (wild-type), MLH1 promoter unmethylated subset, evaluation of MMR germline mutation analysis for MLH1 and PMS2 are useful. Non-Lynch syndrome CRC are MLH1 hypermethylated and Lynch syndrome CRC displays a germline mutation in MLH1 or PMS2. Note that constitutional MLH1 germline hypermethylation has rarely been reported in early-onset CRC with normal germline testing.
Before germline testing, appropriate pretest counseling should be completed by an individual with expertise in hereditary clinical genetics. 12 Identification of a germline mutation in an MMR gene based on loss of the corresponding MMR protein varies depending on which protein is absent. In a series of unselected colorectal cancer cases, if MLH1 and/or PMS2 were absent, causative MLH1 germline mutations were found in 6.1% of cases, reflecting that most of these cancers are sporadic due to MLH1 promoter hypermethylation. 13 If MLH1 was absent and there was no MLH1 promoter methylation, 33.3% were found to have a germline MLH1 mutation. 13 If PMS2 alone was absent on IHC, 55.6% were found to have a PMS2 germline mutation. 13 If MSH2 and/or MSH6 proteins were absent, 66.7% were found to have a germline mutation. 13 If MSH2 alone was absent, EPCAM germline deletion testing was useful in distinguishing MSH2mutated versus EPCAM-mutated Lynch syndrome (LS-EPCAM). If MSH6 alone was absent, only 23.5% were found to have a germline MSH6 mutation. 13 The low detection rate of MSH6 germline mutations may indicate there are other unknown somatic mechanisms contributing to MSH6 loss.
Recently, there has been interest in a rare subgroup of patients with CRC with loss of MMR protein expression and/ or MSI-H, absence of hypermethylation of MLH1, yet undetectable germline MMR mutations or EPCAM deletions. In a recent study, 97% of MMR-deficient germline testingnegative cases (31/32) were explained by either 2 somatic MMR mutations (22/32), loss of heterozygosity of one allele with a somatic MMR mutation likely on the other allele (3/32), or false positive initial tumor testing (6/32). 14 Somatic MMR testing on tumor is clinically available.
The therapeutic implication of detecting MSI-H CRC patients is important as they are not as responsive to 5fluorouracil chemotherapy as are sporadic CRC patients. In addition, all CRC should be tested for UGT1A1 sensitivity for irinotecan, as described in the irinotecan prescribing information. 15 UGT1A1 mutation patients heterozygous or homozygous for *28 polymorphism have increased sensitivity to irinotecan and may develop irreversible and fatal neutropenias.
Testing for Lynch syndrome is summarized in Figure 1 . Other algorithms for such testing have been described elsewhere. 12, 16 In situations where an MMR germline mutation is likely or found, consultation with a genetics professional or genetic counselor knowledgeable about Lynch syndrome can help implement an appropriate surveillance program for the proband and identify other potential carriers in the family appropriate for counseling and testing.
Studies using IHC of MSH2, MLH1, MSH6, and PMS2 have shown it has a predictive value virtually equivalent to MSI testing. IHC has the added value of PMS2 and MSH6 detection (which may be missed by PCR testing for MSI), is readily available, inexpensive, and identifies the affected gene. 13 Consequently, IHC has evolved as a preferred first-line screening tool for identifying Lynch syndrome in many laboratories.
KRAS EXON 2 STATUS AS A BIOMARKER FOR ANTI-EPIDERMAL GROWTH FACTOR RECEPTOR THERAPY
Testing for KRAS exon 2 mutations, presence of which has been shown to limit response to anti-EGFR therapy, has been used in routine clinical practice since 2008, and has been the cornerstone of personalized medicine approaches that guide appropriate use of panitumumab and cetuximab therapy in stage IV CRC. 17 Members of the RAS family of small GTPases play an important signal transduction role in the EGFR signaling pathway. Importantly, mutations in these enzymes (commonly occurring at specific codons in exons 2, 3, and 4 18 ) result in constitutive activation of the enzyme, which results in persistent signaling in the absence of ligand binding to the EGFR (Fig. 2 ). 19 Notably, different RAS enzymes appear to play different roles in oncogenic signaling. Whereas KRAS mutations result in hyperproliferation of CRC cells, NRAS mutations appear to promote CRC by suppressing inflammatory apoptotic signals. 20 The signaling pathways of the RAS family members also appear to differ: NRAS binds and signals through RAF-1 and STAT3, whereas KRAS and HRAS do not. 20 The role of RAS proteins in EGFR signaling suggested that mutations in these enzymes might result in diminished response to EGFR inhibition. In 2008, published data from prospective-retrospective analyses of 2 large, randomized, controlled phase 3 studies (1 evaluating panitumumab 21 and 1 evaluating cetuximab, 22 each vs. best supportive care in patients who were refractory to chemotherapy) confirmed the hypothesis that the presence of one of the 7 most frequently occurring mutations in KRAS exon 2, codons 12 or 13, was predictive of lack of response to anti-EGFR monoclonal antibody monotherapy. Some early studies suggested that there might be differences in the predictive value of some KRAS exon 2 mutations. Specifically, there was a suggestion in some retrospective studies that KRAS G13D mutations might be associated with improved outcomes during anti-EGFR therapy compared with other KRAS codon 12/13 mutations. 23 However, a subsequent meta-analysis of results from studies evaluating panitumumab did not support this hypothesis, demonstrating a lack of benefit for panitumumab therapy when combined with FOLFOX and FOLFIRI chemotherapy or as monotherapy in patients with any mutation in KRAS exon 2. 24 On the basis of the lack of benefit of anti-EGFR monoclonal antibody therapies in patients with mCRC with KRAS mutations in exon 2 identified in these studies, the NCCN issued updated clinical practice guidelines for colon cancer, 25 and the ASCO published a provisional clinical opinion recommending KRAS exon 2 testing for patients with mCRC who were candidates for anti-EGFR antibody therapy and not recommending anti-EGFR antibody therapy if a mutation was detected. 26 CAP issued a Perspectives on Emerging Technology report describing acceptable sample and assay types that could be employed to conduct such testing, 27 and in July 2009, the US FDA implemented class labeling changes for cetuximab and panitumumab to include the results of the clinical trial analyses and statements that retrospective subset analyses of mCRC trials had not shown a treatment benefit for patients with KRAS mutations in exon 2, that use was not recommended for the treatment of colon cancer with these mutations, and that mutant KRAS activity appears independent of EGFR regulation. 28 Numerous pathology review articles were published in response to these changes in the recommended approach to therapy. 17, [29] [30] [31] [32] A companion diagnostic-the therascreen KRAS RGQ PCR Kit (Qiagen N.V., Venlo, the Netherlands)was also approved to identify appropriate patients for treatment. This validated, allele-specific polymerase chain reaction (AS-PCR) assay determines the presence of 7 mutations in the KRAS oncogene exon 2 (codons 12 and 13) in CRC patients. 33 If mutations are absent, treatment with panitumumab or cetuximab is indicated. 34, 35 EXTENDED RAS ANALYSIS AS A BIOMARKER for ANTIEPIDERMAL GROWTH FACTOR RECEPTOR THERAPY Although KRAS exon 2 testing better defined the patient population most likely to benefit from anti-EGFR therapy, it was apparent that room for improvement remained in methods of patient selection, because not all patients with KRAS exon 2 wild-type tumors respond to panitumumab and cetuximab, which suggested the possible presence of other mutations prohibiting response. 36 To further define the responding population among patients with KRAS exon 2 wild-type tumors, a multigene sequencing project was undertaken with the remaining banked tumor specimens from the panitumumab monotherapy study to evaluate mutations within genes that encoded components of the EGFR signaling pathway. Initially, mutations in 9 genes-KRAS, NRAS, AKT, BRAF, EGFR, PIK3CA, PTEN, CTNNB1, and TP53-were sequenced using 454 pyrosequencing technology (a technique that couples bioluminescence and enzyme reactions to monitor pyrophosphate release resulting from nucleotide incorporation in real-time 37 ; Roche 454 Life Sciences). 36, 37 Despite the small numbers of patients with many of the individual mutations, the results from this analysis were consistent with the hypothesis that activating KRAS and NRAS mutations are negative predictors of response to panitumumab treatment, but the other genes interrogated were not. 36 Panitumumab treatment was associated with significantly longer progression-free survival (PFS) among KRAS wild-type (codons 12, 13, or 61) patients (HR = 0.39; 95% CI, 0.28-0.56), as well as NRAS wild-type patients (HR = 0.39; 95% CI, 0.27-0.56), but not among NRAS mutant patients (HR = 1.94; 95% CI, 0.44-8.44). 36 Similar results were obtained when the analysis was updated to interrogate mutations in KRAS exon 4 and NRAS exon 4. 38 To further test the hypothesis derived from the multigene sequence analysis study that activating KRAS and NRAS mutations are negative predictors of response to panitumumab, wild-type KRAS exon 2 tumor specimens from PRIME were tested for mutations in KRAS exons 3 and 4; NRAS exons 2, 3, and 4; and BRAF exon 15, and select analyses were repeated using the newly defined subsets based on the additional RAS and BRAF testing results. 6 Mutation analysis was conducted using the reference method of bidirectional Sanger sequencing on DNA extracted from formalin-fixed, paraffin-embedded tumor specimens with at least 50% neoplastic cell content (or macrodissected if not). Results from this prospective-retrospective analysis using the primary analysis data suggested that additional activating mutations in RAS beyond KRAS exon 2 were negatively predictive for outcomes to panitumumab + FOLFOX-4 compared with FOLFOX-4 alone ( Table 1) . Improvements were observed in median PFS (HR = 0.72; 95% CI, 0.58-0.90) and in median overall survival (OS; HR = 0.78; 95% CI, 0.62-0.99) among RAS wild-type patients, but not among RAS mutant patients (PFS, HR = 1.31; 95% CI, 1.07-1.60; OS, HR = 1.25; 95% CI, 1.02-1.55), including those with newly identified RAS mutations beyond KRAS exon 2 ( Fig. 3 ).
As summarized in Table 1 , a number of further studies have provided supporting data for the RAS hypothesis in patients with mCRC. [39] [40] [41] [42] [43] [44] [45] [46] In general, these studies have shown improvements in outcomes with both panitumumab and cetuximab as first-line therapy and second-line therapy when patients are selected using extended RAS analysis (KRAS exons 2, 3, and 4; NRAS exons 2, 3, and 4) compared with KRAS exon 2 analysis.
The predictive value of RAS mutations beyond KRAS exon 2 has also been supported by a recent meta-analysis, which evaluated RAS analysis in randomized clinical trials (5948 patients overall). 18 The meta-analysis found that PFS and OS were both significantly improved among wild-type RAS patients receiving anti-EGFR therapy compared with outcomes of those patients with any RAS mutation.
The studies described above employed a variety of different techniques to evaluate RAS mutational status. Somatic mutation testing to determine RAS mutation status was evaluated using bidirectional Sanger dideoxynucleotide sequencing and WAVE methods (which combine a proprietary nuclease and electrophoresis) in the PRIME 6 and PEAK 44 clinical trials with panitumumab, and using pyrosequencing in the FIRE-3 trial 45 or through BEAMing (an allele-specific hybridization method for detection of defined mutations amplified by PCR 47, 48 ) in the OPUS 39 and CRYSTAL 43 trials with cetuximab. Other techniques being developed for RAS biomarker profiling to detect genetic variants, single-nucleotide polymorphisms, and genetic mutations include AS-PCR and the use of biomarker panels (which simultaneously evaluate multiple genes).
Until an FDA-approved test becomes available, it is incumbent on individual laboratories to implement inhouse laboratory developed tests to address extended testing for mutations in KRAS exons 3 and 4 and NRAS exons 2, 3, and 4 beyond those detected by the FDA-approved therascreen KRAS assay. Various methods can be used, such as multiplex PCR, AS-PCR, or Sanger sequencing. Alternatively, targeted NGS panels for KRAS and NRAS may also be considered clinically timely and cost-effective for high-volume laboratories. Sanger sensitivity is less than that for PCR (20% vs. 5%, on average) and therefore requires a higher neoplastic cell enrichment through microdissection to remove non-neoplastic tissue, but has the advantage of low cost and is still considered the reference method for molecular testing. Pathologists play a key role in ensuring the presence of tumor, its percentage relative to normal tissue, and enrichment (macrodissection) for optimal sensitivity and limit of detection. A limit of detection of at least 5% of mutant/wild-type RAS for PCR tests is usually acceptable. 34, 35 confirmation of the predictive value of KRAS testing the generation of data to support extended RAS analysis to better guide anti-EGFR therapy has led to the development of new testing recommendations by various organizations. In 2013, the Evaluation of Genomic Applications in Practice and Prevention Working Group (EWG) published a recommendation statement regarding pharmacogenomic testing to inform anti-EGFR antibody therapy in mCRC, noting that "there is convincing evidence to recommend clinical use of KRAS mutation analysis to determine which patients are KRAS mutation positive and therefore unlikely to benefit from these agents before initiation of therapy." Also in 2013, the European Medicines Agency stated that determination of wild-type RAS status (KRAS exons 2, 3, 4 and NRAS exons 2, 3, 4) is required before initiating treatment with panitumumab or cetuximab. 4 Along with the 2015 NCCN recommendations for KRAS/NRAS genotyping for patients with mCRC, the NCCN Colon/Rectal Cancer Panel recommends that, whenever possible, nonexon 2 KRAS mutation status and NRAS mutation status should be determined, given that mutations in those areas are also predictive of lack of response. 3 In addition, the EWG found "insufficient evidence to recommend for or against BRAF V600E testing" for making treatment decisions. 49 The 2015 NCCN guidelines also indicate that, although BRAF mutation appears to confer a poorer prognosis, there are insufficient data to guide the use of anti-EGFR therapy in the first-line setting with chemotherapy based on BRAF V600E mutation status. However, it is also mentioned that limited available data suggest lack of antitumor activity from anti-EGFR monoclonal antibodies in the presence of V600E mutation when used after a patient has progressed on first-line therapy.
Recent published guidelines from the ESP also indicate molecular testing of RAS status is a prerequisite for anti-EGFR treatment. 50 In addition, ACP has provided guidance recommending RAS testing in the United Kingdom. 5 Currently, the ASCP, CAP, AMP, and ASCO are collaborating to develop potential future guidance regarding molecular markers and colorectal cancer.
The ESP has also established an External Quality Assessment program requiring the testing of biomarker mutations in colorectal cancer patients. This initiative is necessary to ensure standardization of performance among laboratories using different methodologies, accuracy of results, and acceptable thresholds of limit of detection of RAS mutations to ensure optimal treatment efficacy. At Cedars-Sinai Medical Center, if a RAS mutation is detected, a 50-gene NGS cancer-associated panel may then be evaluated, at the discretion of the oncologist.
POTENTIAL FUTURE BIOMARKER TESTING: THE RAPIDLY GROWING ROLE OF NEXT-GENERATION SEQUENCING FOR GENOMICALLY GUIDED THERAPY IN METASTATIC COLORECTAL CANCER
Large-scale genomic studies such as The Cancer Genome Atlas project have led to many new discoveries regarding genetic alterations in colon cancers. In addition to KRAS and NRAS, recurrent mutations in many oncogenes and tumor suppressor genes such as BRAF, EGFR, PIK3CA, AKT1, ERBB2, ERBB4, PTEN, MEK1, ALK, DDR2, CTNNB1, MET, TP53, SMAD4, FBXW7, NOTCH1, FGFR1, FGFR2, FGFR3, and others have been described. [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] Studies of these oncogenes have also detected mutations that do not occur with high frequency, with these infrequently mutated genes constituting the "long tail" of driver genes, which reflects the heterogenous nature of the mechanisms for pathway activation. 61 Notably, many of the oncogenes identified in mCRC are part of the EGFR signaling network (eg, BRAF, PIK3CA, PTEN; Fig. 4 ). 63 However, at present none have been demonstrated to be predictive biomarkers for anti-EGFR therapy. For example, current NCCN guidelines recognize that a specific mutation in BRAF (BRAF V600E) is associated with poor prognoses in patients with wild-type KRAS/NRAS and non-MSI-H CRC; however, the guidelines do not require BRAF genotyping because of insufficient data regarding its value as a predictive biomarker of treatment benefit. 3 In contrast to RAS analyses, when the influence of BRAF mutation status on outcomes with anti-EGFR therapies has been analyzed, results have been inconclusive. In PRIME, BRAF mutation status was prognostic for poor performance in KRAS exon 2 wild-type patients regardless of treatment, and it did not have additional predictive value for the effect of panitumumab therapy. 6 In addition, a meta-analysis of 21 trials in mCRC concluded that BRAF mutations were associated with poor prognosis, particularly in KRAS WT patients. 64 Although studies may yet identify additional mutations that can predict response to therapy in mCRC, evaluation of such mutations should not be used to guide therapy at present.
Therapies are available that target some of these mutations or their signaling pathways and an exponentially growing number of other targeted therapies are in development and/or in clinical trials across the country and internationally. [65] [66] [67] [68] [69] A paradigm shift is already happening in management of patients with cancer that may complement, or sometimes trump, conventional cancer therapies (ie, chemotherapy and radiation therapy) by identifying tumor-specific driver molecular mutations in an individual tumor and matching them with a companion therapy. 70 The potential success of such targeted therapies in clinical trial programs suggests that pathologists will need to rapidly develop more proactive testing algorithms in concert with the emergence of new targeted drugs and the increase in genomically guided clinical trials. In addition to single gene testing (KRAS, NRAS) by PCR or Sanger, NGS is likely to become increasingly important in mCRC testing as cost continues to decrease, analysis softwares become more readily available and user-friendly, and more companion drugs to novel genetic targets enter the clinical/clinical trial arena.
NEXT-GENERATION SEQUENCING TEST CONSIDERATIONS AND CONTROL MATERIALS IN METASTATIC COLORECTAL CANCER
NGS is rapidly becoming a primary vehicle for biomarker testing. The availability of robust sequencing technology and the decrease in cost of sequencing in the last decade now enable sequencing of an array of genes, and even the whole exome/genome, at a reasonable cost. According to data collected from the National Human Genome Research Institute Genome Sequencing Program, the cost per megabase of procuring high-quality DNA sequencing has decreased from approximately $1600 to $0.05 in the last 10 years. 71 Indeed, the cost of sequencing an entire genome has decreased 5800-fold, from approximately $28.8 million to just $5000. 71 Although advancements in NGS have been made, the challenge of finding the most cost-effective way to deliver clinically useful solutions remains. This challenge can partially be addressed by infrastructure sharing and outsourcing, but ultimately, adoption of NGS will require the clear demonstration of clinical utility. 72 The CAP developed 18 NGS-specific requirements included within CAP's molecular pathology checklist to facilitate the use of NGS technology for the clinical testing of inherited disorders. 73 The NGS-specified items approach the analytic "wet bench" process and the bioinformatics analyses (dry bench) as separate entities requiring different considerations, and encompass new standards for documentation, validation, quality assurance, confirmatory testing, exception logs, monitoring of upgrades, variant interpretation and reporting, incidental findings, data storage, version traceability, and data transfer confidentiality. The goal of CAP when devising the checklist was to develop requirements for accreditation for NGS that could be used across multiple testing areas (eg, inherited diseases, molecular oncology, infectious diseases). 73 Similar standards were published in 2013 by the American College of Medical Genetics and Genomics, primarily as an educational resource for clinical laboratory geneticists. 74 These guidelines focus primarily on the 3 main levels of analysis (ie, disease-targeted gene panels, exome sequencing, and genome sequencing) and discuss the 3 main components of NGS: sample preparation, sequencing, and data analysis. 74 These guidelines were updated in 2015 to include standards for the classification and interpretation of sequence variants. 75 A third set of standards were released in December 2014 by EuroGentest that dictate procedures for NGS testing pertaining to diagnostic and/or clinical utility, informed consent to patients and clinicians, test validation and results reporting, and highlight the differences between research and diagnostic testing. 76 With the exception of the EuroGentest guidelines which state the basic principles may be applied to somatic testing for cancer (with the inclusion of additional quality parameters such as threshold for detection), 76 the aforementioned guidelines are intended for inherited disorders only. Further expansion on topics such as preanalytic sample assessment and the effect on quality (eg, specimen type, collection, and handling), requirements for sample processing and acceptability (eg, extraction methods, complexity, and usability of DNA for amplification), metrics for sample types (eg, sensitivity controls), and interpretation are needed for somatic variant testing. These limitations are addressed in part by standards released by the New York State Department of Health 77 ; however, the field is evolving and other guidelines are in preparation.
In addition to selecting target genes, NGS (and other methods) testing and interpretation needs to consider several important factors. The variant allele frequency, which represents the mutant/wild-type ratio or the sensitive/ resistant fraction of the tumor, is affected by the ratio of neoplastic/tumor DNA to normal DNA (which can be enriched by microdissection), technical factors related to NGS testing, and the heterogeneity of the tumor. Most NGS strategies involve a comparison of mutations to determine variant detection concordance, followed by confirmation, if required per laboratory policy, through another orthogonal method (most commonly PCR or Sanger sequencing). However, the degree of neoplastic cells to normal cells and/or tumor heterogeneity can result in mutant allelic burdens below 10% to 15%, which makes confirmation testing difficult with Sanger sequencing. 78 Sensitivity can be further reduced if the overall quality of the DNA is less than expected. Many manufacturers are introducing methods to determine the ability of a DNA sample to be amplified to reduce false results. For example, KapaBiosystems has created a hybrid quantification and quality analysis kit for generating NGS libraries, and Asuragen has developed a novel quality control assay to determine sample DNA quality. 79, 80 The determination of a cutoff value for the analytical sensitivity of the primary NGS platform should be taken into account, in addition to secondary confirmation techniques and the correlation of clinical efficacy of targeted therapies with variant allele frequency (ie, mutant allele frequency). Currently, the neoplastic fraction of a sample is estimated from a pathologist's examination of an adjacent hematoxylin-eosin-stained section. This information, together with the analytical sensitivity of the platform ultimately defines the cutoff value at the clinical decision point. Assuming all tumor cells are heterozygous for a mutation of interest in a sample with a mutant allele fraction of 5%, a theoretical tumor cell content of at least 10% would be necessary for detection, underscoring the importance of tissue assessment, tissue macrodissection and microdissection, and pathologist review. For comparison, with a minimum sensitivity of 10% to 15% (compared with 5% for NGS), the tumor neoplastic fraction would need to be at least 20% to 30% for Sanger sequencing. In the PRIME and 20050181 studies that used Sanger sequencing to evaluate tumor RAS status, a 50% minimum tumor neoplastic cell fraction was employed. 6, 41 Therefore, the analytical sensitivity of a method alone is insufficient to describe the cutoff. Tissue-based analyses such as IHC and fluorescence in situ hybridization allow for estimation of the fraction of neoplastic cells within a tumor that express the biomarker of interest as part of the analytical method, albeit the section analyzed is through an excised portion of the tumor thought to represent the tumor existing in the patient to be treated. 81, 82 This caveat applies to sections from which DNA is extracted for NGS analysis.
Metastases are important to consider because they cause clinical morbidity and are often responsible for mortality; it is appropriate to test the metastatic lesions. Although discordances may occur in rare instances, studies have demonstrated a high concordance rate in KRAS gene status between primary tumors and metastases, suggesting that analysis of any available tumor tissue, primary or metastatic, for KRAS status can be considered adequate in most patients. 83, 84 However, when testing large gene panels, the differences in mutational profiles may potentially be significantly different between primary tumor and distant metastases (DM). A recent pilot study performed on 32 CRC samples at Cedars-Sinai revealed that genetic differences may occur between tumors that metastasize synchronously versus metachronously to distant sites. About half of the synchronous DM demonstrated completely divergent mutations from the primary tumor; similar results have been reported in the literature. 85 This was in contrast to metachronous DM in which all had the same or overlapping mutations as the primary tumor. 86 Although the number of cases was relatively small, these preliminary results suggest that selection of appropriate tissue for sequencing is important, particularly with respect to testing of synchronous metastatic lesions, and may help design genomically guided therapy in advanced or refractory CRC patients. Clearly, further studies on a larger number of patients are needed to further ascertain the genomic diversity of mCRC vis-a-vis their primary site.
Control materials are also required to enable demonstration of the ability to correctly assign the patient at the clinical decision point. Cell line mixtures that allow defined levels of mutant alleles in a background of wild-type alleles are becoming available as formalin-fixed, paraffin-embedded sections (AcroMetrix, Life Technologies, Grand Island, NY; Horizon Diagnostics, Cambridge, UK). The National Institute of Standards and Technology has developed the Genome in a Bottle, a well-characterized whole-genome reference that is publicly available for sequencing and assessing variant-call accuracy and understanding biases. 87 Other control materials are available for concurrent processing with samples to ensure accuracy of NGS in addition to providing a genetic reference sample (AcroMetrix). The question remains as to whether these contrived materials can be used as an adjunct to external quality assessment/ proficiency testing programs, internal quality assessment, and/or used for validation of new diagnostic tests. If such materials are used during the development of companion diagnostics, they can be employed to demonstrate the ability of the laboratory to correctly assign patients to treatment at the clinical decision point.
In addition to ensuring the accuracy of mutational analysis, pathologists must also ensure that results of such testing are available promptly to allow physicians and patients to make appropriate decisions regarding therapy. Sequencing platforms using bidirectional methods can sequence many kilobases in a few hours. 88 Pyrosequencing has a low error rate (0.4%). However, these reactions can take from 27 hours to 11 days to complete. 37, 88 BEAMing has a low error rate (1.78%) and can complete a mutational analysis in approximately 2 hours. 88 However, achievement of this low error rate requires careful evaluation of the amount of input DNA. Notably, although turnaround times reported for NGS sequencing methods are improving, these times do not include upfront quality control requirements and the subsequent quantification that can elongate the time between when samples are acquired and when patients obtain results, 88 nor do they account for the time spent obtaining, reviewing, and preparing banked tumor specimens for analysis. Given the importance of availability of RAS analysis before initiation of treatment, every effort should be made to ensure that these results are made available in a timely manner to guide the time-sensitive selection of matched molecular-targeted therapies and/or nonmatched chemotherapies. Hence, targeted NGS at selected genes (20 to 30) most commonly associated with mCRC is a clinically highly informative assay of potential actionable (druggable) mutations in real time. In our experience (unpublished data on 12 CRC samples) at our institution, a significant proportion of CRC submitted for NGS were found to have mutations for which a targeted therapy exists (although whether such targeted therapy might provide a clinically meaningful benefit remains to be determined in many instances). Similarly, a study conducted at the Dana Farber Cancer Institute found that in 40 CRC tumor samples, 52.5% (n = 21) contained at least 1 mutation that had been linked to a potential clinical treatment option. 89 
LIQUID BIOPSIES: THE FUTURE?
As the search for and characterization of biomarkers continues, the importance of circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA) grows. CTCs and ctDNA, regarded as measures of tumor burden or minimal residual disease, are signs of systemic disease progression and may be associated with poor patient survival. 90 CTCs and ctDNA can be isolated quickly and efficiently from patients through a simple blood draw; however, owing to low numbers, CTC yields are often minimal. Despite discrepancies in isolation, recent studies have utilized these circulating cells as "liquid biopsies" in the development and identification of potential biomarkers. Genomic analyses have identified genetic heterogeneity between CTCs and the tumor, indicating the possibility for identifying low-level mutational differences that were previously undetectable by other methods. 91, 92 CTCs may also allow clinicians to follow the genetic evolution of the tumor noninvasively and may aid in predicting treatment resistance or nonresponse. The utility of ctDNA analysis as a potential measure of the average somatic mutation burden of a patient at the time of sampling is being investigated in a number of studies to determine whether the patient has a tumor(s) carrying a specific mutation(s), at what level that mutation is observed, and whether that level varies or additional mutations emerge over time. [93] [94] [95] [96] This method was recently validated in a patient with NSCLC who developed resistance to gefitinib; blood samples were drawn over time and analyzed using the Qiagen QIAamp Circulating Nucleic Acid kit, and the development of mutations in KRAS, BRAF, and EGFR were identified. 97 
CONCLUSIONS
In summary, with the discovery of genomic mutations that affect therapeutic efficacy, there is a growing need for genetic screening in conjunction with treatment. Pathologists play key role in the implementation and reporting of molecular testing in mCRC ( Fig. 5 ). For patients with mCRC, evaluation of RAS mutational status (KRAS exons 2, 3, and 4; NRAS exons 2, 3, and 4) should be performed at diagnosis to guide decision making for anti-EGFR treatment. With the rapid development of new and faster screening procedures and clinically actionable targeted NGS in real time, the dichotomy between technological capability and clinical utility is decreasing. The data derived from these biomarker studies and the research conducted on new or improved methods for genomic analysis will enable the delivery of more personalized therapy to patients with mCRC.
